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ABSTRACT
Multiband photometric transit observations (spectro-photometric) have been used mostly so far to retrieve broadband transmis-
sion spectra of transiting exoplanets in order to study their atmospheres. An alternative method was proposed, and has only been
used once, to recover broadband transmission spectra using chromatic Rossiter–McLaughlin observations. We use the chromatic
Rossiter–McLaughlin technique on archival and new observational data obtained with the HARPS and CARMENES instruments to
retrieve transmission spectra of HD 189733b. The combined results cover the widest retrieved broadband transmission spectrum of
an exoplanet obtained from ground-based observation. Our retrieved spectrum in the visible wavelength range shows the signature of
a hazy atmosphere, and also includes an indicateion for the presence of sodium and potassium. These findings all agree with previous
studies. The combined visible and near-infrared transmission spectrum exhibits a strong steep slope that may have several origins,
such as a super-Rayleigh slope in the atmosphere of HD 189733b, an unknown systematic instrumental offset between the visible and
near-infrared, or a strong stellar activity contamination. The host star is indeed known to be very active and might easily generate
spurious features in the retrieved transmission spectra. Using our CARMENES observations, we assessed this scenario and place
an informative constraint on some properties of the active regions of HD 18973. We demonstrate that the presence of starspots on
HD 189733 can easily explain our observed strong slope in the broadband transmission spectrum.
Key words. methods: numerical – techniques: photometric, spectroscopic stars: activity, planetary systems
1. Introduction
Transiting exoplanet atmospheres can be investigated in un-
precedented detail through techniques such as transmission spec-
troscopy. This technique is in principle based on measuring the
radius of a transiting exoplanet as a function of wavelength.
Transmission spectroscopy has been established to be the most
accessible technique for detecting broad- and narrow-band fea-
tures generated by absorption or scattering of starlight by atoms,
molecules, and particles in the planetary atmosphere (e.g., Sing
2010; Kreidberg et al. 2014; Wyttenbach et al. 2015; Sing et al.
2016; Mallonn & Strassmeier 2016; Lendl et al. 2017; Nikolov
et al. 2018; Salz et al. 2018; Chen et al. 2018; Keles et al. 2019;
Sánchez-López et al. 2019). Measurements of broadband fea-
tures can only be acquired through multiband photometric transit
(spectrophotometric) observations because the high-resolution
spectroscopic technique is insensitive to broad features. The
most precise broadband transmission spectra have been obtained
from space-based observations, mostly using the Hubble Space
Telescope (HST) and the Spitzer telescope.
During its passage in front of its rotating host star, a tran-
siting exoplanet creates a radial velocity (RV) signal, which
is generated by obstructing the rotational velocity of the por-
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tion of stellar disk that is blocked by the planet. This is known
as the Rossiter–McLaughlin (RM) effect (Holt 1893; Rossiter
1924; McLaughlin 1924). The RM signal contains several im-
portant pieces of information, including the sky-projected plane-
tary spin-orbit angle (a comprehensive review can be found in
Triaud 2017, and references therein). Similar to the depth of
the photometric transit light curve, the RM semiamplitude also
scales with the radius of the transiting planet as
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 R2pR2?
 3 sin i?√1 – b2, (1)
where Rp is the planetary radius, R? is the host star radius, 3 is
the rotational velocity of the star, i? is the host star inclination,
and b is the planet impact parameter (Triaud 2017).
Based on this fact, Snellen (2004) developed a novel idea
of retrieving the transmission spectra by measuring the RM sig-
nal amplitude in different wavelengths, the so-called chromatic
RM. Dreizler et al. (2009) later carried out a simulation study
to examine the feasibility of this technique for different types of
planets and host stars. While Snellen (2004) advocated that chro-
matic RM can only be used to probe narrow-band features, such
as sodium, Di Gloria et al. (2015) employed this technique using
the HARPS spectrograph data on HD 189733, and showed that it
can be a powerful method for probing wide broadband features,
which are challenging to be probed from the ground.
Ground-based broadband transmission spectroscopy has
been performed with the spectrophotometric method, which re-
quires a reference star. On the other hand, the chromatic RM
method does not need a reference star. The next generation
of ground-based telescopes, such as the Extremely Large Tele-
scope, will have a relatively small field of view that will pose
limitations on accessing nearby reference stars. The chromatic
RM method might therefore prove a promising technique for the
characterization of planetary atmospheres.
HD 189733b is a hot Jupiter with a mass of 1.15 MJup that
orbits a K dwarf every 2.2 d. The system parameters are listed
in Table 1. HD 189733b is one of the most frequently observed
and studied exoplanets, especially for its atmospheric signature
through transmission spectra obtained from both ground- and
space-based observations (Sing 2010; Pont et al. 2011; Sánchez-
López et al. 2019).
We here proceed and apply the chromatic RM technique to
retrieve a transmission spectrum of HD 189733b over a much
wider wavelength range, using newly acquired CARMENES
observations (both in the visible and near-infrared wavelength
ranges). The paper is structured as follows. In Sect. 2 we
present the details of our observations and data reduction pro-
cess. In Sect. 3 we explainthe models that we used to ana-
lyze the observed chromatic RM signal. In Sect. 4 we examine
whether the result obtained by Di Gloria et al. (2015) can be
reproduced using the exact same HARPS dataset. We present
our retrieved broadband transmission spectrum of HD 189733b
through HARPS and CARMENES observations in Sect. 5 and
interpret it in Sect.5.1. Next, Sect.5.2 is dedicated to assessing
how the chromatic RM observations can be used to place con-
straints on the stellar active region properties, and also how much
stellar activity contamination is expected in our retrieved trans-
mission spectrum. We conclude our study by summarizing the
results in Sect. 6.
Table 1: Stellar and planetary parameters of the HD 189733 sys-
tem.
Parameter Symbol Unit Value
Orbital period P d 2.218573a
Scaled semimajor axis a/R? ... 8.715a
Orbital inclination i deg 85.508a
Spin-orbit angle λ deg –0.85a
Projected rotation velocity 3 sin i km s–1 3.1a
a Triaud et al. (2009)
2. Observations and data reduction
2.1. HARPS observations
HARPS is a fiber-fed, cross-dispersed, high-resolution echelle
spectrograph mounted at the ESO 3.6 m telescope, and covers
a wavelength range from 378 to 691 nm (Mayor et al. 2003). Di
Gloria et al. (2015) used archival HARPS RV measurements dur-
ing three transits of HD 189733b, taken on 7 September 2006, 19
July 2007, and 28 August 2007. We downloaded these observed
spectra from the ESO archive for our analysis.
2.2. CARMENES observations
CARMENES is a high-resolution spectrograph installed at the
3.5 m telescope at Calar Alto Observatory (Almería, Spain).
CARMENES consists of two cross-dispersed echelle spectro-
graph channels, which cover visible (CARMENES-VIS) wave-
lengths (520–960 nm) and near-infrared (CARMENES-NIR)
wavelengths (960–1710 nm) (Quirrenbach et al. 2014). Two
transits of HD 189733b were observed with CARMENES-VIS
only on 8 August 2016 and 17 September 2016, and a third tran-
sit on 9 August 2019 was observed with CARMENES-VIS and
CARMENES-NIR simultaneously. We summarize the details of
each CARMENES observation in Table 2.
All raw spectra were processed using caracal (Caballero
et al. 2016). This code performs the basic spectral reduction pro-
cess to obtain calibrated 1D spectra.
Wavelength calibration is crucial to obtain high-
precision RVs, even when the spectrograph is stabilized.
The CARMENES-VIS and CARMENES-NIR channels are
equipped with Fabry-Pérot etalons (Seifert et al. 2012), which
were used for simultaneous drift measurements during the night
(Schäfer et al. 2018), and also to construct the daily wavelength
solution (Bauer et al. 2015).
2.2.1. Telluric correction
CARMENES spectra, especially in the near-infrared, contain re-
gions that are considerably contaminated by tellurics. To derive
reliable high-precision RVs without masking a large number of
pixels, we perform in Sect. 2.3.1 and 2.3.2 telluric line modeling
based on molecfit to correct the spectra as described by Bauer
et al. (2020) and Nagel et al. (in prep. 2020).
2.3. RV extraction from the spectra
There are two main approaches to measuring RVs during the
transit of an exoplanet and extracting the RM signal. One ap-
proach is based on the matching of each single spectrum with a
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Table 2: Summary of CARMENES RM observations of HD 189733b.
Instrument Night Number of spectra Exposure time [s]
CARMENES-VIS 8 August 2016 45 240
CARMENES-VIS 17 September 2016 57 240
CARMENES-VIS 9 August 2019 85 240
CARMENES-NIR 9 August 2019 57 260
reconstructed high signal-to-noise ratio (S/N) average template
from all the observed spectra. This is known as the template-
matching approach (Butler et al. 1996; Anglada-Escudé & Butler
2012). The other apporach relies on a Gaussian fit to the cross-
correlation function (CCF) of the observed spectra with a binary
mask (Queloz 1995; Baranne et al. 1996; Pepe et al. 2002; La-
farga et al. 2020). Each approach leads to a slightly different
shape and amplitude of the RM signal, as was investigated theo-
retically by Boué et al. (2012). In this study we examine and use
both approaches.
2.3.1. Template-matching: serval
In order to detect the slight wavelength-dependent amplitude
changes in the chromatic RM, high-precision RV measurements
have to be obtained. The challenge posed is to achieve m s–1 pre-
cision in relatively narrow wavelength bins that only represent a
fraction of the entire spectral range covered by the spectrograph.
We used the code serval (Zechmeister et al. 2018), which per-
forms a least-square matching between individual spectra and
the template, to compute the RVs.
HD 189733 is known to be an active star, and its spot config-
uration is expected to change significantly between transit nights
(Boisse et al. 2009; Kohl et al. 2018). Because changes in the
line profiles are expected, combining spectra gathered at differ-
ent epochs into a single template can therefore bias the derived
RV measurements. However, the rotational period of HD 189733
is about 11.95 d (Henry & Winn 2008), so that the spot config-
uration and the resulting line distortions are quasi-static during
one transit. Furthermore, spectra taken during transit also show
line distortions due to the RM effect, therefore these spectra were
not used either to build the template. The cleanest way to mea-
sure RVs for the purpose of this work was to create a separate
template for each observing night that consisted only of out-of-
transit spectra. In doing so, we reduced the S/N of the template
but avoided adding unrelated line distortions from the different
nights (spot configurations).
serval measures RVs order by order, which typically results
in 10 nm wide bins. The RV precision achieved in one spectral
order is insufficient to carry out atmospheric studies with the
chromatic RM, however. We therefore combined the RVs de-
rived from several single orders into 50 nm bins (similar to the
wavelength bins that were considered also in Di Gloria et al.
2015). Because the number of lines available for RV extrac-
tion in the wavelength range covered by CARMENES-NIR was
smaller (Bauer et al. 2020), we increased the range of the bins to
75–100 nm. These RM curves are shown in Figs. A.1, A.2, and
A.3.
2.3.2. Cross-correlation function: CCF
We also computed RVs following the CCF approach us-
ing the raccoon code (Lafarga et al. 2020). Instead of us-
Table 3: Prior on free parameters
Parameter Prior
Rp/R? N(0.16; 0.01)
Limb-darkening coefficients N(LDTk; 0.05)
AGP(m/s) U(0; 10)
τGP(days) N(WLτGP; 0.05)
Notes:U(a; b) is a uniform prior with lower and upper limits of
a and b. N(μ; σ) is a normal distribution with mean μ and width
σ.
ing a predefined mask, we created three weighted binary
masks, one for each instrument, HARPS, CARMENES-VIS,
and CARMENES-NIR, from the observations of HD 189733
themselves. To build each of the masks, we used the high S/N
templates created by serval to locate and select deep, narrow,
and unblended absorption lines. The templates were built by
coadding the out-of-transit observations available for each in-
strument. The lines have an associated weight given by their
contrast and inverse full width at half maximum (FWHM), as
measured in the templates.
We then used these masks to compute the CCFs of the ob-
servations. For the HARPS data, we also used two of the default
masks used by the HARPS Data Reduction Software (DRS) cre-
ated from spectral templates of a G2 and a K5 spectral type star.
We computed a CCF for each individual order, and then com-
bined them by coadding the CCFs corresponding to the same
50 nm wide bins computed in Sect. 2.3.1. The CCF of each order
was weighted according to the S/N and the number and quality
of the lines used in the order. The final RV for each bin was ob-
tained by fitting a Gaussian function to the coadded CCFs. Sim-
ilar to the template-matching approach, we increased the wave-
length bin size to 75–100 nm in near-infrared.
To summarize, we obtained nine RM curves (either from
serval or CCF) for the nine different passbands (each 50 nm
wide) for each of the three transits of HARPS and each of the
three transits of CARMENES-VIS. We also obtained six RM
curves, corresponding to the six different passbands (75–100 nm
wide) for a single transit in CARMENES-NIR.
3. Analysis
3.1. Models for the Rossiter-McLaughlin effect
To model the observed RM signal obtained through the CCF
approach, we used the publicly available code ARoME (Boué
et al. 2012). ARoME was developed and optimized to model
the RM signals, which were extracted through the CCF-based
approach. To model the RM observations obtained from the
template-matching approach, with the serval pipeline, we used
the RM model based on the formulation from Ohta et al. (2005)
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and Hirano et al. (2011). This formulation was optimized for
the RM signal obtained from the template-matching procedure.
This model is implemented in the PyAstronomy Python package
(Czesla et al. 2019).
Stellar activity can alter the out-of-transit stellar flux baseline
in photometric transit light-curve observations, and the most ef-
ficient way to eliminate this effect is to normalize to the mean
of the out-of-transit flux. In the RM observations, the active re-
gions induce an offset and an additional underlying slope in the
out-of-transit RV measurements (in addition to the gravitation-
ally induced RV variation caused by the orbiting planet). The
activity-induced out-of-transit RV slope can significantly differ
from transit to transit because of variations in the configuration
of stellar active regions over different nights, as shown by Di
Gloria et al. (2015), Oshagh et al. (2018), and Boldt et al. (2020).
A conventional practical approach to eliminate this effect is to re-
move a linear trend from the out-of-transit RVs. A similar strat-
egy was used by Di Gloria et al. (2015). We also removed the
linear trend from each RM curve in each of the wavelength bins.
In Sect. 5.2 we use the values of the removed slopes to estimate
the properties of the stellar active regions. Subsequently, three
transit observations (for HARPS and CARMENES-VIS) were
combined for the modeling and the analysis.
3.2. Gaussian process
Several studies have shown that the photometric transit light
curves of HD 189733b exhibited clear signatures of starspot oc-
cultation anomalies (e.g., Sing 2010; Pont et al. 2011). The stud-
ies also found that these starspot occultations could have a sig-
nificant impact on the accuracy of the planetary radius estima-
tion (e.g., Sing 2010; Pont et al. 2011; Oshagh et al. 2014). Be-
cause the physics and geometry behind the photometric transit
light curve and RM effect are similar, they might be expected
to be affected by the occultation of active regions in a similar
way. To solve this problem, Di Gloria et al. (2015) examined the
residuals of the best-fit model to the white-light RM curve from
HARPS, and searched for any sign of possible starspot-crossing
events, or possible effects due to stellar differential rotation (Al-
brecht et al. 2012; Serrano et al. 2020), convective blueshift and
granulation (Shporer & Brown 2011; Cegla et al. 2016; Meunier
et al. 2017), or instrumental systematics. To eliminate this red
noise from their individual RM curves, the residuals of white-
light RM were subsequently removed from individual chromatic
RMs in each wavelength bin. To properly account for this red
noise, we decided to incorporate a Gaussian process (GP) model
to our RM modeling, to perform a more robust fit and to obtain
more accurate estimates.
Gaussian process is a general scheme for modeling corre-
lated noise (Rasmussen & Williams 2006), and its power and
advantages have been widely demonstrated in the field of exo-
planetary research. For instance, it has been used to model and
mitigate the jitter in RV time series (e.g., Haywood et al. 2014;
Faria et al. 2016), and also to correct the photometric transit ob-
servations (e.g., Aigrain et al. 2016; Serrano et al. 2018). Gaus-
sian process has assisted in detecting small planetary signals em-
bedded in stellar activity noise.
To do this, we used the new implementation of GP in the
celerite package (Foreman-Mackey et al. 2017), considering
that some of the celerite kernels are well suited to describe
different forms of the stellar activity noise. We selected the co-
variance as a Matérn-3/2 kernel. To train our GP, we first fit
an RM+GP model to the white-light RM signals (either from
HARPS, CARMENES-VIS, or CARMENES-NIR).
We modeled the observed chromatic RMs (obtained from
either serval or CCF) as the sum of the mean model
(PyAstronomy or ARoME) and GP noise with Matérn-3/2 covari-
ance kernel. The posterior samples for our model were obtained
through a Markov chain Monte Carlo (MCMC) using emcee
(Foreman-Mackey et al. 2013).
The prior on the GP timescale hyperparameter was con-
trolled by a tight Gaussian around the best-fit value of the GP
timescale obtained from the white-light RM fit. This is a reason-
able assumption because it is expected that if the noise is gener-
ated by the stellar activity, it has a similar timescale in different
wavelengths. However, the GP amplitude hyperparameter was
controlled by an uninformative wide uniform prior. The prior
on planet radius was controlled by Gaussian priors centered on
the reported value from the white-light RM observation reported
by Triaud et al. (2009) with a width according to the reported
uncertainties (N(0.16; 0.01)). The priors on the limb-darkening
coefficients1 were also constrained by Gaussian priors created
using LDTk (Parviainen & Aigrain 2015) for all the wavelength
bins. These priors are also listed in Table 3.
We derived the best-fit parameters and their associated un-
certainties in our fitting procedure using an MCMC approach,
using the affine invariant ensemble sampler emcee package. We
randomly initiated the initial values for our free parameters for
30 MCMC chains inside the prior distributions. For each chain,
we used a burn-in phase of 500 steps, and then again sampled
the chains for 5000 steps. Thus, the results concatenated to pro-
duce 150 000 steps. We determined the best-fit values by calcu-
lating the median values of the posterior distributions for each
parameter, based on the fact that the posterior distributions were
Gaussian.
4. Reproducing the results by Di Gloria et al. (2015)
The most obvious verification is to examine if we can reproduce
similar chromatic RM curves using the same HARPS observa-
tions as used by Di Gloria et al. (2015) and if an identical trans-
mission spectrum of HD 189733b can be constructed.
Di Gloria et al. (2015) used the CCF approach to derive RVs
during the transits of HD 189733b, and used the G2 mask to gen-
erate CCFs in 50 nm wavelength bins2. To repeat the exact same
procedure, we also generated the CCFs in 50 nm wavelength bins
using the predefined G2 and K5 masks from the HARPS DRS.
Then we fit the chromatic RMs in each wavelength bin using
the GP+PyAstronomy and GP+ARoME models. The results are
shown in Fig. 1 and show a strong agreement between the re-
trieved transmission spectra of HD 189733b by Di Gloria et al.
(2015) and our CCF approach when the predefined masks are
used. We also evaluated whether the use of different RM models
implemented in the PyAstronomy and ARoME packages affect
the retrieved transmission spectra. We found that the obtained
transmission spectra are insensitive to and independent of the
model, although the formulation by Ohta et al. (2005) used in
PyAstronomy was not designed and optimized for the RM gen-
erated by the CCF technique approach.
Nevertheless, if the CCFs are generated using an adequate
mask adopted specifically for HD 189733 (as was described in
1 Depending on the model, in ARoME quadratic limb-darkening law is
considered, and in PyAstronomy linear limb-darkening is taken into
account.
2 Our host star is a K-type star, but Di Gloria et al. (2015) decided to
use the G2 mask.
Article number, page 4 of 15
M. Oshagh, et al.: Chromatic RM of HD 189733b
               
 ? I ^ M T M V O \ P   V U 
     
     
      
     
     
     
     
      
R
P
/
R
 , Q / T W Z Q I  0 ) : 8 ;
 + + .  / U I [ S  0 ) : 8 ;  8 a ) [ \
 + + .  / U I [ S  0 ) : 8 ;  ) : 7 5 -
 + + .  3 U I [ S  0 ) : 8 ;  8 a ) [ \
Fig. 1: Comparison between the transmission spectra of
HD 189733b obtained by Di Gloria et al. (2015) (red circles),
and the ones obtained from our analysis based on the CCF ap-
proach using two default binary mask of DRS, G2-mask (green
triangles) and K5-mask (magenta crosses). We examined differ-
ent RM modeling, such as PyAstronomy and ARoME on CCF
approach using the G2 mask, displayed as green triangles and
blue hexagons, respectively. All transmission spectra are offset
to have the exact same value in the first bin, for the purpose of
comparison.
Sect.2), the retrieved transmission spectrum moderately devi-
ates from the results by Di Gloria et al. (2015), as shown in
Fig. 2. Moreover, when the template-matching approach is ap-
plied to extract RVs during transit (using the serval pipeline,
as explained in Sect. 2), the recovered transmission spectrum
again marginally disagrees (statistically insignificant with a p-
value of 0.3) with the reported one by Di Gloria et al. (2015).
However, the serval and adequate mask CCF strongly agree
with each other. They also manifest a flatter transmission spec-
tra, with much less increment in the planet radius toward shorter
and longer wavelengths, in contrast to the findings from Di Glo-
ria et al. (2015).
There could be different explanations or causes for the con-
flicting results between an adequate mask and the DRS default
binary masks. For instance, the blended spectral lines are con-
sidered in the default binary mask, whereas a careful selection
of lines that neglected blended lines was performed for the ad-
equate mask. A transiting planet induces a deformation (bump)
in the spectral lines (RM signal is generated as a result of this
bump), and the movement of the bump is different in the lines,
which are blended. Other plausible explanation could be that
each line has a different limb-darkening behavior (Yan et al.
2015), thus different mask with different lines can yield diverse
shapes of RM curves.
5. Results
In this section we present the final retrieved broadband trans-
mission spectrum through chromatic RM using newly acquired
CARMENES observations combined with the HARPS obser-
vations. For both data sets we only used the serval template-
matching approach to generate RM curves during three transits
in wavelength bins of 50 nm in HARPS and CARMENE-VIS,
and only for one transit in wavelength bins of 75–100 nm in
CARMENES-NIR. Then we used GP+PyAstronomy to fit the
chromatic RM, and estimated the planet radius as a function of
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Fig. 2: Comparison between the transmission spectra of
HD 189733b obtained by Di Gloria et al. (2015) (red circles) and
those retrieved from our analysis based on the CCF approach us-
ing an adequate mask for HD 189733 (blue crosses) and from the
template-matching approach using serval (green pentagons).
wavelength. The best-fit Rp/R? ratio for the different wavelength
bins is given in Table 4, while the best-fit model to the RM in the
individual passbands are shown in Figs. A.1, A.2, and A.3.
One important and encouraging outcome is that the trans-
mission spectra from CARMENES-VIS and HARPS agree well
in overlapping wavelength regions, as shown in the top panel of
Fig. 3. The combined HARPS+CARMENES-VIS transmission
spectrum exhibits a slope compatible with Rayleigh-scattering
slope. It also shows some indication of the excess absorption
from sodium and potassium. We explore this transmission spec-
trum in more detail in Sect. 5.1.
When the retrieved transmission spectra from CARMENES-
NIR to HARPS+CARMENES-VIS are included, we recognize
a steep drop between visible and near-infrared, and also some
slight variation in the near-infrared, which is presented in the
bottom panel of Fig. 3. This distinct slope might also be inter-
preted as the Rayleigh-scattering slope. However, this slope is
unrealistically steep. We probe this in more detail in Sect. 5.1.
The second reason for this steeper slope could be related to
the stellar activity. Boldt et al. (2020) demonstrated that stel-
lar activity can easily mimic broadband features in transmission
spectra retrieved from chromatic RM. We assess this possibil-
ity and also what can be learned from our observation about the
stellar active region in Sect. 5.2. The third reason might be the
presence of an unknown systematic instrumental offset between
the visible and near-infrared of CARMENES. However, evaluat-
ing this possibility requires a similar data set with simultaneous
CARMENES-VIS and CARMENES-NIR RM observations, ei-
ther for HD 189733b or any other transiting exoplanet, with si-
multaneous Fabry-Pérot observations in both channels. Unfortu-
nately, no such data set is available, and probing this scenario is
therefore beyond scope of the current paper and will be pursued
in a forthcoming publication.
5.1. Atmospheric characterization
5.1.1. Forward-modeling
We used PLATON (Zhang et al. 2019) to perform forward-
modeling of atmospheric properties of HD 189733b. PLATON is
a fast, user-friendly, open-source code for retrieval and forward-
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Fig. 3: Top panel: Retrieved transmission spectra of HD 189733b
obtained from HARPS (blue hexagons) and CARMENES-VIS
(green circles). Bottom panel: Retrieved transmission spectra
of HD 189733b obtained from HARPS, CARMENES-VIS, and
CARMENES-NIR, shown with blue hexagons, green circles,
and red crosses, respectively. All are obtained using chromatic
RM through the template-matching approach and were fit with
GP+PyAstronomy.
modeling of exoplanet atmospheres written in Python. We fixed
some of HD 189733b parameters, such as the isothermal temper-
ature T, the planet radius, the C/O ratio, and atmospheric metal-
licity relative to the solar value log Z/Z, to the known values
from literature, and then varied the scattering slope.
We introduced an offset into our HARPS+CARMENES-VIS
of –0.0024 in Rp/R? to match the transmission spectrum of
HD 189733b obtained through HST multiband photometric tran-
sit observations (Sing et al. 2016). A similar shift was also intro-
duced in Di Gloria et al. (2015) to better match the HST obser-
vations. Because the absolute values of Rp/R? estimated from
RM curves can be affected by the choice of the stellar param-
eters, such as projected rotational velocity, and because we are
moreover only interested in the relative changes of Rp/R? as a
function of wavelength, this arbitrary offset will not lead to any
misinterpretation of the retrieved transmission spectra.
Our retrieved combined transmission spectrum from
HARPS+CARMENES-VIS exhibits a slope that is consis-
tent with a forward model with a Rayleigh slope of α =
–9, as was estimated in Pont et al. (2011). It is shown in
Fig. 4. The HARPS+CARMENES-VIS retrieved transmission
spectrum also indicates a tentative indication of the pres-
ence of sodium (Na) and potassium (K) in the atmosphere of
Table 4: Best-fit planetary radius derived in the different wave-
length bins using observations from HARPS, CARMENES-VIS,
CARMENES-NIR, and the combination of all instruments.
λ [nm] Rp/R? Error
. . . . . . . . .HARPS. . . . . . . . .
395.0 0.1598 0.0025
445.0 0.1614 0.0032
495.0 0.1607 0.0029
545.0 0.1615 0.0032
575.0 0.1623 0.0022
625.0 0.1612 0.0018
675.0 0.1573 0.0036
. . . . CARMENES-VIS . . . .
545.0 0.1585 0.0022
575.0 0.1622 0.0029
625.0 0.1609 0.0017
675.0 0.1576 0.0029
725.0 0.1574 0.0021
775.0 0.1625 0.0035
825.0 0.1577 0.0047
875.0 0.1587 0.0047
935.0 0.1545 0.0056
. . . . CARMENES-NIR . . . .
997.5 0.1499 0.0057
1067.5 0.1507 0.0044
1195.0 0.1602 0.0060
1287.5 0.1526 0.0062
1550.0 0.1507 0.0061
1650.0 0.1620 0.0071
. . . . . . . Combined . . . . . . .
395.0 0.1598 0.0025
445.0 0.1614 0.0032
495.0 0.1607 0.0029
545.0 0.1599 0.0029
575.0 0.1622 0.0029
625.0 0.1610 0.0011
675.0 0.1574 0.0021
725.0 0.1574 0.0021
775.0 0.1625 0.00347
825.0 0.1577 0.0047
875.0 0.1587 0.0047
935.0 0.1545 0.0056
997.5 0.1499 0.0057
1067.5 0.1507 0.0044
1195.0 0.1602 0.0060
1287.5 0.1526 0.0062
1550.0 0.1507 0.0061
1650.0 0.1620 0.0071
HD 189733b, which are again also present in the forward model,
as shown in Fig. 4. Sodium has been detected in HD 189733b
in several studies (e.g., Wyttenbach et al. 2015). However, only
a tentative detection was claimed for potassium, either from
space-based HST observations (Pont et al. 2013) or recently from
ground-based observations using the PEPSI spectrograph (Keles
et al. 2019). Our detection is only tentative, and should be taken
with a grain of salt because our considered wavelength bins are
quite wide and the uncertainties on the planetary radius estimates
in each bin are large.
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Fig. 4: Retrieved broadband transmission spectra of
HD 189733b obtained from combining HARPS and
CARMENES-VIS (similar to the top panel of Fig. 3) shown
as red hexagons. The values for overlapping regions between
HARPS and CARMENES-VIS were obtained by averaging the
two values in each wavelength bin. The solid blue line repre-
sents the forward model obtained from PLATON considering a
Rayleigh slope, and green crosses show the same PLATON model
that is binned in the same wavelength bins as the observed ones.
For comparison purposes, we also overplot the transmission
spectra of HD 189733b obtained through multiband photometric
transit observation obtained with HST as black triangles (Pont
et al. 2013).
We found that our HARPS+CARMENES-
VIS+CARMENES-NIR transmission spectrum, as shown
in Fig. 53, requires a super-Rayleigh slope (α  –4) to be
described, which is at odds with the transmission spectra that
were retrieved from HST+Spitzer observations and that sug-
gested normal Rayleigh slope in the atmosphere of HD 189733b
(Pont et al. 2013). A super-Rayleigh slope has been detected
in other exoplanets, such as HATS-8b (May et al. 2018). Ohno
& Kawashima (2020) demonstrated that photochemical haze
particles, which are formed in a vigorously mixing atmosphere,
can produce a steep vertical opacity gradient that can lead to a
super-Rayleigh slope. However, the atmospheric temperature of
HD 189733b (equilibrium temperature ∼ 1100 K) is too high to
sustain hydrocarbon hazes. In Sect. 5.2 we probe in detail how
much the stellar activity might contribute to the observed slope.
5.1.2. Inverse modeling
We used petitRADTRANS (pRT) (Mollière et al. 2019) to per-
form the retrieval. We assumed a Guillot profile for the temper-
ature structure (Guillot 2010), a parameterized Rayleigh slope,
gray cloud deck, and three species (H2O, Na, and K) in the
model atmosphere. We excluded CARMENES-NIR and only
used HARPS+CARMENES-VIS data for the reasons discussed
in the previous section and because of the large uncertainties in
the CARMENES-NIR.
3 A similar negative offset of 0.0024 in Rp/R? was also applied
to the whole HARPS+CARMENES-VIS+CARMENES-NIR transmis-
sion spectrum, as we explained before.
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Fig. 5: Retrieved broadband transmission spectra of
HD 189733b obtained from combining HARPS, CARMENES-
VIS, and CARMENES-NIR (similar to the bottom panel of
Fig. 3) shown as red hexagons. The solid blue line represents a
forward model obtained from PLATON considering a Rayleigh
slope. For comparison purposes, we also overplot the trans-
mission spectra of HD 189733b obtained through multiband
photometric transit observation obtained from HST and Spitzer
as black triangles (Pont et al. 2013). The solid green line
represents a forward model obtained from PLATON considering
a super-Rayleigh slope.
The best-fit model and the confidence intervals are shown in
Fig. 64. The estimated posteriors are presented in the appendix
(Fig. A.5). We found an agreement between the models and the
results from Sing et al. (2016), which indicates consistency be-
tween our measurements and those of the HST, even at wave-
lengths beyond CARMENES-VIS measurements. Our models
suggest tentative evidence of Na and K presence, although their
abundances are not constrained because of the large uncertain-
ties in the HARPS+CARMENES-VIS combined spectrum. In
particular, the abundance of potassium appears to be overesti-
mated given the measurements at around 800 nm, which might
be caused by stellar activity (Rackham et al. 2018).
HD 189733b is expected to be a cloudy exoplanet given its
temperature and composition (e.g., Molaverdikhani et al. 2020, ,
and references therein), and our retrieved cloud-deck pressure
level of around 100 mbar agrees with this scenario. However,
observations of molecular features at longer wavelengths are
required to constrain the cloudiness of this planet. A distinct
Rayleigh slope of α ∼ –10 was also retrieved and is consistent
with the Sing et al. (2016) finding in the optical, as discussed in
the previous section.
5.2. Stellar activity contamination
The transmission spectra retrieval relies vigorously on accurate
knowledge of the host star spectrum. This means that stellar ac-
tivity can contaminate the retrieved transmission spectra. Sev-
eral studies have explored the effect of stellar active regions and
found that it could imitate broadband features and thus affect
the strength of narrow-band features (both atomic and molecu-
lar – Oshagh et al. 2014; McCullough et al. 2014; Scandariato
& Micela 2015; Barstow et al. 2015; Herrero et al. 2016; Rack-
4 A similar negative offset of 0.0024 in Rp/R? was applied here also,
as we explained before.
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Strong Rayleigh Slope
Fig. 6: Atmospheric fitting of HD 189733b with pRT. For the
model spectra, the dark green area corresponds to the region of
the posteriors between the 16 % and 84 % quantiles, and the light
green area shows the region between the 1 % and 99 % quantiles.
ham et al. 2018, 2019; Cauley et al. 2018; Mallonn et al. 2018;
Tinetti et al. 2018; Apai et al. 2018). There have been some in-
consistent results observationally. For instance, Sedaghati et al.
(2017) reported the first detection of TiO in the atmosphere of
WASP-19b, which transits a very active star. However, Espinoza
et al. (2019) did not detect any sign of TiO absorption through
new independent multiband photometric observations.
In the RM observations, the active regions induce an offset
and an additional underlying slope in the out-of-transit RV mea-
surements (in addition to the gravitationally induced RV varia-
tion induced by the orbiting planet). The activity slope can sig-
nificantly differ from transit to transit as a result of the variation
in the configuration of stellar active regions in different nights,
as shown by Oshagh et al. (2018) and Boldt et al. (2020). A con-
ventional practical approach to eliminate this offset and slope is
to remove a linear trend from the out-of-transit RVs.
To examine how much our retrieved transmission spectrum
from chromatic RM is affected by the stellar activity, we studied
the RV slope of out-of-transit in chromatic RMs in detail. For
this we considered the only transit of HD 189733 that was ob-
tained with both CARMENES-VIS and CARMENES-NIR on 9
August 2019. There are two reasons for selecting this data set.
First, because this is the only data set that covers a wide wave-
length range simultaneously. The second reason is that combin-
ing observations from several nights can mean combining con-
tributions of several unrelated active region configuration, which
might lead to mixing signals and might blur the whole picture.
For this analysis we also recalculated the RV time series dur-
ing that night using serval, but this time in 10 nm wavelength
bins (instead of 50 nm in visible or 75–100 nm in near-infrared as
in Sect. 2) and fit a linear trend to the out-of-transit of each RM
(both in 10 nm and also 50–100 nm passbands). We present the
best-fit value of the slope in each wavelength bin in Fig. 7. We
also show the best-fit linear model to 50–00 nm passband RMs in
Fig. A.4. As Fig. 7 clearly shows, the slope of the out-of-transit
becomes less steep at longer wavelengths. This is unambiguous
evidence that these slopes have been generated by active regions,
whose temperature contrast is also wavelength dependent and
becomes weaker at longer wavelengths.
To place constraints on the characteristics of active regions
that generated this trend, we used the publicly available tool
SOAP3.0, which uses a pixellation method to simulate a tran-
siting planet in front of a rotating star that harbors a different
number and type of active regions, and delivers the photometric
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Fig. 7: Estimated slopes of out-of-transit chromatic RM of one
transit of HD 189733b observed with CARMENES (VIS+NIR)
in 10 nm and 50 nm wavelength bins, represented as blue and
green dots, respectively. The best-fit model of SOAP3.0 with a
single spot with a temperature difference of 750 K cooler than
the HD 189733 photosphere is indicated by the solid red line.
The dashed green and purple lines show similar SOAP3.0models
with +250 K and –250 K temperature differences, respectively.
and RV measurements of the system (Boisse et al. 2012; Du-
musque et al. 2014; Oshagh et al. 2013; Akinsanmi et al. 2018).
SOAP3.0 does not only take the flux contrast effect of the stel-
lar active regions into consideration, but also includes the RV
shift caused by the inhibition of the convective blueshift within
those regions. Because the latest version of SOAP3.0 performs
the simulations at one single wavelength, we modified the code
to be able to adjust the wavelength as one of the input parameters
(Boldt et al. 2020). After adjusting SOAP3.0, the code automati-
cally takes care of wavelength-dependent parameters, such as the
active region contrast (based on Planck’s law) and coefficients of
the quadratic stellar limb-darkening law (u1 and u2), which are
adopted from the LDTk model (Parviainen & Aigrain 2015).
We assumed that HD 189733 harbors a spot with a filling
factor of 4 %, which is a reasonable size because similarly sized
spots were detected using spot-crossing anomalies analysis (Sing
2010; Herrero et al. 2016). During our fitting procedure, we al-
lowed the temperature difference between the spot and photo-
sphere to vary as our only free parameter, whereas the other pa-
rameters were adjusted to the stellar and planetary parameters re-
ported in Table 1. We obtained the best-fit temperature difference
between the spot and photosphere by minimizing the reduced
χ2. The best-fit estimated that the spot temperature should be
around 750 K cooler than its surrounding photosphere, as shown
in Fig. 7. This estimate concurs with the spot temperature con-
trasts that were previously estimated for this star (Sing 2010;
Pont et al. 2011; Mancini et al. 2017).
As was shown in a simulation study by Boldt et al. (2020),
such an active region (with a filling factor of 4 % and a tem-
perature difference of 750 K between the spot and photosphere)
can easily mimic strong spurious broadband features, such as
a strong Rayleigh scattering slope with up to 20 % variation
of Rp/R? in the retrieved transmission spectra from chromatic
RM. However, the same study suggested that the probability of
mimicking strong broadband features becomes lower when sev-
eral RM observations are acquired during several transits and
are combined, assuming that the stellar active regions evolve
and disappear from transit to transit. Our retrieved transmis-
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Fig. 8: Retrieved transmission spectrum of an atmosphere-
less planet obtained through SOAP3.0 simulated chromatic
RMs, considering a starspot with the properties estimated in
Fig. 7 (solid blue line). Our observed transmission spectrum
from HARPS+CARMENES (VIS+NIR) is also shown as red
hexagons.
sion spectra in Sect. 5 were achieved by combining six tran-
sit observations (three transits with HARPS and three transits
with CARMENES). It might therefore be speculated that the
contamination from stellar activity of the retrieved transmis-
sion spectrum should be eliminated and apparent features should
have emerged from the atmosphere of HD 189733b. However,
HD 189733 exhibits large active regions, and large active regions
commonly live longer. Several studies have found evidence for
the existence of long-lived spots on HD 189733 (Boisse et al.
2009; Herrero et al. 2016) that can persist during all our transit
observations, and therefore our retrieved transmission spectrum
can still be contaminated by stellar activity.
Finally, to precisely evaluate the amplitude of stellar activity
contamination imprinted on our retrieved transmission spectra,
we performed a simulation test. We simulated with SOAP3.0 a
mock chromatic RM observation of an atmosphere-less planet
with parameters similar to HD 189733b. We would like to em-
phasize that the transmission spectrum of an atmosphere-less ex-
oplanet should in principle be flat without any broad- or narrow-
band features. In our simulation we considered a starspot on the
surface of the host star with properties (the spot filling factor and
temperature contrast) equal to what was estimated above. Be-
cause we were interested in quantifying the maximum effect of
starspots on the chromatic RM, the spot longitude was adjusted
to be at the center of the stellar disk during the transits. We fit
our mock chromatic RMs to estimate the planetary radius in each
wavelength, similar to the simulations performed by Boldt et al.
(2020).
Our retrieved transmission spectrum through the simulated
chromatic RMs is shown in Fig. 8. This result indicates that the
steep slope observed in our broadband transmission spectrum
between the visible and near-infrared could indeed be generated
by stellar activity.
6. Conclusions
We used a novel technique of chromatic Rossiter–McLaughlin
observations on archival and new observations obtained from
HARPS and CARMENES instruments to retrieve the transmis-
sion spectrum of HD 189733b. We found that if the CCF ap-
proach is applied to extract the RVs during the transit, then it
is necessary to use a tailored mask that is specifically adapted
to the host star spectrum. Moreover, the retrieved transmission
spectrum from the adequate mask agrees with the spectrum from
the template-matching approach.
Our retrieved transmission spectrum through chromatic RM
of the HARPS observations yields a similar spectrum to that
from CARMENES-VIS observations, especially in the wave-
length region where HARPS and CARMENES-VIS overlap.
The combined HARPS and CARMENES-VIS transmission
spectrum in the visible range exhibits a slope compatible with a
Rayleigh-scattering slope, and it also indicates excess absorption
from sodium and potassium. This agrees with previous studies.
The combined transmission spectra from HARPS,
CARMENES-VIS, and CARMENES-NIR cover the widest
retrieved broadband transmission spectrum of an exoplanet
obtained from ground-based observations. However, visible
and near-infrared transmission spectra exhibit an exception-
ally strong slope that might have several origins, such as a
super-Rayleigh slope in the atmosphere of HD 189733b, an
unknown systematic instrumental offset between the visible and
near-infrared, or most likely, stellar activity contamination.
The host star is indeed known to be active, and this might
easily mimic spurious features in the retrieved transmission
spectra. Using our CARMENES observation, we placed con-
straints on the temperature contrast of the starspot on HD 18973.
We also demonstrated that this starspot can easily generate the
observed strong slope in the broadband transmission spectrum.
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Appendix A: Best-fit RM curves
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Fig. A.1: RM curves derived with serval in different wavelength bins using HARPS observations. The out-of-transit slope has
been removed for each individual wavelength bin. The best-fit model to the RM using GP+PyAstronomy models is also shown.
The different components of each best-fit model are plotted in different colors and marked in the legend. The title of each panel
represents its corresponding wavelength range in nm.
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Fig. A.2: Same as Fig. A.1, but for CARMENES-VIS observations.
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Fig. A.3: Same as Fig. A.1, but for CARMENES-NIR observations.
Article number, page 13 of 15
A&A proofs: manuscript no. 39213corr
0.05 0.00 0.05
100
50
0
RV
 (m
/s)
520 - 570
0.05 0.00 0.05
100
50
0
RV
 (m
/s)
550 - 600
0.05 0.00 0.05
100
50
RV
 (m
/s)
600 - 650
0.05 0.00 0.05
100
50
0
RV
 (m
/s)
650 - 700
0.05 0.00 0.05
100
50
0
RV
 (m
/s)
700 - 750
0.05 0.00 0.05
100
50
0
RV
 (m
/s)
750 - 800
0.05 0.00 0.05
100
50
0
RV
 (m
/s)
800 - 850
0.05 0.00 0.05
100
50
0
RV
 (m
/s)
850 - 900
0.05 0.00 0.05
100
50
0
RV
 (m
/s)
900 - 970
0.05 0.00 0.05
100
50
0
RV
 (m
/s)
960 - 1035
0.05 0.00 0.05
100
50
0
RV
 (m
/s)
1035 - 1100
0.05 0.00 0.05
100
50
0
RV
 (m
/s)
1160 - 1230
0.05 0.00 0.05
100
50
0
RV
 (m
/s)
1235 - 1340
0.05 0.00 0.05
Time - mid transit
50
0
50
RV
 (m
/s)
1500 - 1600
0.05 0.00 0.05
Time - mid transit
100
50
0
50
RV
 (m
/s)
1600 - 1700
Fig. A.4: RM curves derived with serval in different wavelength bins for CARMENES (VIS+NIR) observations during the transit
of HD 189733b on 9 August 2019. The best-fit linear model to the out-of-transit observations is plotted as solid red lines. The legend
of each panel represents its corresponding wavelength range in nm.
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Fig. A.5: Retrieved posterior distributions by fitting atmospheric models to HARPS+CARMENES-VIS data.
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